Background: Melatonin is a hormone synthesized mainly by the pineal gland, and secreted only at night. Melatonin has been proposed as a modulator of glucose metabolism.
| INTRODUC TI ON
Diabetes and obesity are global epidemics affecting more and more people worldwide. In addition to genetic susceptibility, overeating and/or sedentary lifestyle, other factors have been recently identified. In particular, disruptions in circadian rhythms due to recurrent exposition to bright light at night, shift work and chronic jetlag lead to increased risks of developing several metabolic problems like cardiovascular diseases, 1 overweight and type 2 diabetes (T2D). [2] [3] [4] Thus, it is important to develop new therapeutic strategies that prevent or limit the adverse effects of circadian disruption on metabolic homeostasis.
Melatonin is a hormone synthesised mainly by the pineal gland and secreted only at night. This specific timing is tightly controlled by the master clock located in the suprachiasmatic nuclei of the hypothalamus that are reset by the ambient light/dark cycle. The daily rhythm of circulating melatonin is a powerful chronobiotic signal because it modulates the phase of circadian oscillations in peripheral and central structures, including the master clock. 5 Exposure to light at night not only resets the master clock, but immediately inhibits melatonin as long as lights are switched on, 6 thus perturbing internal coupling within the circadian network and external synchronisation to local time.
In addition to its time-giving properties, [5] [6] [7] melatonin has been proposed as a modulator of glucose metabolism and feeding behaviour, although the underlying mechanisms are not fully characterised yet. 3 Pinealectomy which abolishes circulating melatonin leads to diabetogenic symptoms in rodents, 8 such as glucose intolerance, drastic reduction in GLUT4 expression in white adipose tissue and muscle, reduced fat cell responses to insulin altered rate of insulin secretion, 9, 10 and hyperglycaemia at night. 11 Melatonin receptors (MT1 and MT2) knock-out (KO) in mice abolishes the daily rhythm in blood glucose, 12 while mice KO for MT1 display increased insulin resistance. 13 Furthermore, single nucleotide polymorphisms in the MT2 receptor (also called MTNR1B) are associated with higher incidence of T2D in humans. [14] [15] [16] Lower secretion of melatonin in nurses has been identified as a risk factor for developing T2D. 17 Besides glucose metabolism, growing evidence indicates that melatonin can modulate feeding behaviour, at least in rodents. Oral supplementation of melatonin in drinking water causes a drop in total food intake and a decrease in meal size, 18 as well as a reduction in body mass gain and in adiposity, combined with improved sensitivity to insulin. 19 Together, these findings suggest that melatonin is a factor possibly involved in metabolic health and the pathogenic effects of altered timing. As such, exogenous melatonin alone or in combination with other treatments may have anti-diabetic properties. Metformin is widely used for treating patients with T2D because it inhibits gluconeogenesis, lowers fasting blood glucose and reduces food intake. 20 We hypothesise that the combination of melatonin with metformin would improve the effects of either melatonin or metformin alone to alleviate the diabetic symptoms. For that purpose, we investigated the effects of melatonin and/or metformin supplementation on glucose tolerance, insulin sensitivity and food intake in two rat models of T2D and obesity: missense mutation (fatty, fa) in the leptin receptor gene (ie, Zucker fatty rats) and high-fat diet-induced obesity in Sprague Dawley rats. 
| MATERIAL AND ME THODS

| Animals and housing conditions
| Experimental design
| Experiment 1
Zucker rats fed with chow diet were divided into four groups (n = 8)
that received a treatment every evening (1-2 hours before lights off) during 2 weeks. The 1st group (control) received an injection of hydroxyl-ethyl-cellulose 0.5% (HEC; Sigma-Aldrich, Saint-Quentin for metformin and melatonin were selected based on previous studies in rats.
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After 2 weeks of treatment, Zucker rats were fasted overnight and submitted to an oral glucose tolerance test (oral gavage with dglucose 2 g/kg; Sigma-Aldrich) 2 hours after the lights were turned on. Microsamples (<0.5 μL) of blood were collected from tail veins, and blood glucose was determined immediately with an Accu-Check glucometer (Roche Diagnostics, Meylan, France).
One week later under daily treatment, Zucker rats were fasted overnight and tested for insulin sensitivity (ip, insulin 1 U/ kg, Umuline, Lilly, France) 2 hours after the lights were turned on.
Microsamples of tail blood were taken as above.
One further week later under daily treatment, food was removed at lights on. Two hours after lights on, all Zucker rats were deeply euthanised with a high dose of sodium pentobarbital (ip, 150 mg/kg) and their blood was sampled by intracardiac puncture, collected in tubes with 4% EDTA (10 mL for 1 mL of blood) and centrifuged for 10 minutes at 4600 g at 4°C. Body mass was determined every week and food intake was evaluated by weighing the cumulative food intake over a week during the last 2 weeks of treatment. 
| Experiment 2
| Assays of plasma metabolites
Plasma glucose was determined with GOD-PAP Kit (LP80009, 
| Hormonal assays
Leptin and insulin concentrations were determined by a rat leptin ELISA kit (EZRL-83K, Millipore-Merck, Molsheim, France) and an ultra-sensitive rat insulin ELISA kit (#90060, Crystal Chem Inc., Downers Grove, IL, USA), respectively.
| Statistical analysis
Data are presented as mean ± SEM. Area under the curve (AUC) was determined relative to baseline. One-or two-way analyses of variance (ANOVA) with repeated measures were performed to assess the effects of treatment and/or time, followed by post hoc Fisher LSD test (SigmaPlot version 12, SPSS Inc, Chicago, IL, USA). P values >0.05 were considered nonsignificant (NS).
| RE SULTS
| Zucker rats
| Body mass and food intake
Body mass determined before and after the 4-week treatment was significantly increased by time (F 1,28 = 149.7, P < 0.001), but unaffected by the treatment (F 3,28 = 0.6, P > 0.1; Table 1A ). In parallel, food intake measured during the 3rd and 4th week of treatment did not differ significantly according to time (F 1,28 = 0.6, P > 0.1) or treatment (F 1,28 = 1.2, P > 0.1).
| Glucose tolerance
An oral bolus of glucose given in the early morning triggered a significant increase in plasma glucose levels, which declined during the as compared to the control group, while melatonin alone was without effect on area under the curve reflecting glucose tolerance (Figure 1 ).
| Insulin sensitivity
Administration of insulin acutely reduced plasma glucose levels, which returned to basal values 2 hours after the treatment. Two-way ANOVA indicates significant effects of time (F 7,196 = 87.2, P < 0.001) and treatment (F 3,196 = 4.1, P = 0.016), without significant interaction.
Daily treatments with metformin and metformin+melatonin led to improved insulin sensitivity, while injections of melatonin alone were without significant effect, as compared to rats treated with vehicle.
One-way ANOVA on area under the curve (0-2 hours after insulin injection) did not detect any effect of the treatment (F 3,28 = 1.2, P = 0.3; Figure 1 ).
| Plasma parameters
None of the plasma metabolites or hormones was significantly modified by the 4 treatments (P > 0.05; Figures 2 and 3 ).
| High-fat-fed Sprague Dawley rats
| Body mass, adipose tissue and food intake
Body mass in high-fat-fed Sprague Dawley rats changed according to time (F 1,27 = 108.5, P < 0.001). There was also a significant
[time × treatment] interaction (F 3,27 = 45.2, P < 0.001); Table 1B ).
Before starting the treatment, the 4 groups of rats had a similar body mass around 530 g. While daily treatments with either vehicle melatonin were without significant effect, treatments with metformin alone or in combination with melatonin produced a significant reduction in body mass (P < 0.001; Table 1B ). P < 0.001) and treatment (F 3,27 = 9.8, P < 0.001). Compared to rats treated with vehicle, melatonin led to a reduction in food consumption during the 3rd week, while metformin was associated with a deeper reduction of food intake. These differences were no longer significant during the last week of treatment. By contrast, the combination of metformin and melatonin led to a long-lasting anorexia until the end of the experiment. Notably, rats receiving metformin+melatonin ate −17% less compared to those treated with metformin alone during the 4th week (Table 1B) . 
| Glucose tolerance
Glucose load in high-fat-fed rats led to increased levels of plasma glucose which remain elevated during the next 3 hours. Tolerance to glucose was affected by both time (F 7,189 = 58.1, P < 0.001) and treatment (F 3,189 = 5.9, P < 0.01). Overall, vehicle and melatonin treatments did not differ from each other, while treatments with metformin alone or in combination to melatonin significantly improved glucose tolerance by maintaining lower glycaemia compared to the control group during the last 2 hours of the test (ie, 5 time-points).
One-way ANOVA on area under the curve (0-3 hours after glucose load) also detected a significant effect of treatment (F 3,27 = 3.8, P < 0.05), One-way ANOVA on area under the curve confirmed the beneficial effect of metformin and metformin+melatonin, and also revealed an effect of melatonin. Of note, the combination of metformin plus melatonin tended to have a potentiating effect on glucose tolerance (Figure 4 ).
| Insulin sensitivity
While basal levels of plasma insulin were not significantly affected by treatment (Figure 3 , see below), insulin injections induced hypoglycaemia that was modified both by time (F 7,189 = 113.8, P < 0.001) and treatment (F 3,189 = 3.4, P < 0.05). Overall, as compared to vehicle group, insulin sensitivity was improved by metformin and melatonin plus metformin (especially during the last 2 hours of the test), while melatonin alone was without significant effect. Comparable findings are obtained when comparing the area under the curve (F 3,27 = 4.6, P < 0.01; Figure 4 ).
| Plasma parameters
Most analysed plasma metabolites (ie, glucose, NEFA, HDL, cholesterol and triglycerides) were unaffected by the treatment, except LDL that was significantly modified (F 3,27 = 7.026, P < 0.001).
LDL levels were higher after melatonin administration, with or without metformin ( Figure 5 ). Regarding insulin, there was also a trend for an effect of treatment (F 3,27 = 2.5, P = 0.08), with the metformin+melatonin association leading only to an apparent reduction in insulinaemia. By contrast, leptin levels were strongly changed according to the treatment (F 3,27 = 4.6, P < 0.01; Figure 3 ).
| D ISCUSS I ON
A number of dual therapies are developed to improve the treatment of obese subjects with T2D. Metformin, a widely used anti-diabetic drug, has been for instance associated with insulin sensitiser. 24 Here, using two animal models of T2D and obesity: Zucker fatty rats and high-fat-fed Sprague Dawley rats, we tested the effectiveness of combining metformin with melatonin, a time-giving hormone also able to modulate glucose metabolism. The combined treatment tends to further improve insulin sensitivity (+13%), as compared to metformin or melatonin alone. In addition, the combined treatment led to a more pronounced anorexia (−17% food intake during the last week of treatment), as compared to metformin alone. Such differences were not detected in Zucker rats, thus suggesting that impaired leptin signalling prevents the beneficial effects of melatonin. 
| Anti-diabetic and anorectic effects of metformin
Metformin was initially recognised as an anti-diabetic drug preventing hyperglycaemia, via AMPK activation in the liver. Further investigations, however, highlighted wider roles of metfomin, eventually mediated by AMPK-independent mechanisms. 20 Among others, metformin has anorectic effects in rats fed with chow or high-fat diet, thus favouring loss of body fat and normalisation of plasma glucose and glucose tolerance. 21 The present results in high-fatfed Sprague Dawley rats clearly confirm these findings. To assess whether metformin-induced body mass loss is exclusively due to its anorectic effects will require additional experiments of pair-feeding.
In obese subjects also, a 2-week treatment with metformin leads to body mass loss and associated decline in plasma leptin, in correlation with a reduction in food intake. 25 By contrast, while a previous report also found anorectic effect of metformin in Zucker rats, 26 we did not detect any change in food intake, nor in body mass loss after repeated administration of the same dose of metformin in these rats. Another study in Zucker rats also did not find a significant effect of metformin alone. 27 Differences in routes of administration (ie, subcutaneous versus oral gavage) can partly explain such discrepancies.
Alternatively, the lack of effect of metformin in our Zucker rats may result from their altered leptin signalling. Of note, metformin treatment induces not only a reduction in plasma glucagon, but also an increased release of plasma leptin, 28 both effects likely contributing to diminish food intake. Furthermore, metformin-induced reduction in appetite has been shown to involve activation of leptin signalling pathway in the hypothalamus, including increased expression of leptin receptor and increased in P-STAT3.
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| Effects of melatonin on glucose metabolism, body mass and food intake
Besides its action as a chronobiotic agent (ie, an agent affecting function of circadian clocks), exogenous melatonin has been proposed as a beneficial regulator of glucose metabolism, mostly using pinealectomy or KO mice for melatonin receptors. [8] [9] [10] [11] [12] Melatonin has been proposed to inhibit insulin secretion. 31 The present experiments using repeated administration of melatonin in both high-fatfed Sprague Dawley rats and chow-fed Zucker rats do not readily confirm this observation because plasma levels of insulin remain unaffected by melatonin administration. Another work in mice has
shown that mice lacking MT1 receptor have down-regulated insulin signalling pathway while melatonin administration in wild-type mice exposed to constant light restores insulin sensitivity. 32 In addition, the present data indicate that treatment with melatonin improves insulin sensitivity of high-fat-fed Sprague Dawley, to a level similar to that of metformin. A previous work has already reported that melatonin provided in drinking water reduces insulin resistance in high-fat-fed Wistar rats. 33 Based on the mouse study cited above, this suggests that the improvement of insulin sensitivity is mediated via MT1 receptors.
A series of studies also established that oral supplementation of melatonin to middle-aged and older (10-to 22-month-old) Sprague
Dawley rats not only restores the plasma profiles of melatonin and leptin at young rats levels (4-month-old), but also reduces body mass and visceral fat, reversing in part the metabolic syndrome established with the progression of age. 34, 35 In addition, other works
showed that the treatment of elderly animals with melatonin reduces body mass, as well as re-establishing full insulin signalling. 19 In these studies as well as in high-fat-fed younger rats, 36 body mass loss after melatonin treatment is not related to changes in feeding behaviour.
Our results are in full accordance with this interpretation because melatonin-treated Sprague Dawley rats also show similar changes.
Such body mass loss with anorexia could be due to decreased ability to store energy in the white adipose tissue. The lack of difference in epididymal fat mass or in plasma leptin after repeated treatment with melatonin does not valid this hypothesis. Alternatively, melatonin may increase energy expenditure, this hypothesis being supported by the observation of an increased nocturnal activity after melatonin treatment. 37 Further investigation using indirect calorimetry will help to solve this issue.
Other studies, however, have found that melatonin can finetune the pattern of feeding. In particular, mice KO for MT1 spend more time feeding. 38 Moreover, exogenous melatonin in rats leads to overall reduced food intake, due to smaller and shorter meals. 18 Such anorectic effect, however, was found only in nondiabetic Wistar, but not in diabetic rats. This might explain why we do not observe a similar modulator role of melatonin on the amount of food consumed in high-fat-fed Sprague Dawley rats, nor in Zucker rats.
The metabolic action of melatonin could be mediated either centrally 39 and/or peripherally. Among peripheral tissues, gut is a 
| Effects of melatonin in combination with metformin on glucose metabolism, body mass and food intake
The combination of metformin and melatonin does not improve beneficial effects of metformin alone on glucose tolerance in highfat-fed Sprague Dawley rats. By contrast, the combined treatment tends to ameliorate insulin sensitivity compared to metformin alone, especially during the late phase of rising glycaemia. This improvement is not detectable in Zucker rats, suggesting that functional leptin receptors may to some extent play a role. Further investigation will be necessary to unravel the mechanistic interactions between melatonin and leptin signalling. Importantly, in a model of diet-induced obesity coupled with circadian desynchronisation in Sprague Dawley rats, the combined treatment with melatonin and metformin has also been shown to improve insulin sensitivity, partly via anti-apoptotic effects on pancreatic β cells. 41 Antioxidants properties of the combination of metformin and melatonin have been established in rats with induced polycystic ovary syndrome. Thus, it is possible that in high-fat-fed rats, the combined administration leads to a decrease in peripheral oxidative stress.
Of note, the combination is effective to further reduce feeding consumption and for a longer time, as compared to the anorectic effects of metformin alone in Sprague Dawley. Therefore, the observed reduction in body mass gain may, in part, result from a reduced food intake.
| Biomedical perspectives
T2D and obesity are increasing worldwide. These metabolic disorders are frequently associated with circadian disturbances. 3 Conversely, circadian desynchronisation due to bright light at night, shift work and chronic jetlag leads to increased occurrence of metabolic risks. 42 Here we show that melatonin administration, especially in combination with metformin, diminishes metabolic disturbances.
In humans, melatonin treatment has been shown to reduce insulin secretion, especially in subjects carrying a genetic variant (ie, rs10830963) in the MT2 receptor.
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A part of the beneficial effects of melatonin may be mediated by its chronobiotic effects (ie, its effects of the circadian clocks) that would, for instance, restore a phase-alignment between the central clock and many secondary clocks in peripheral tissues. Here s.c.
10 mg/kg dosage of melatonin has been injected in late afternoon, a timing associated with a shifting effect on the central clock. 5 In accordance with the importance of taking into account the timing of injection, a previous study has demonstrated that oral administration of 30 mg/kg melatonin in rats is effective to reduce body mass gain when it is given in late afternoon, but not in the morning. 36 Another, nonexclusive, hypothesis is that melatonin treatment actually decreases oxidative stress in metabolic tissues such as liver and pancreas. Further experiments are warranted to investigate this possibility and what could be the synergistic effects of melatonin and metformin at the intra-cellular level.
Considered together, the present findings indicate that the combined treatment with melatonin and metformin may be beneficial to develop novel bitherapies to treat or delay T2D with obesity.
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